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ABSTRACT

Harris, Tracey Lynn. M.S. Department of Chemistry,Wright State
University, 2008. Electrochemistry of TriNuclear Metal Clusters of
Molybdenum and Tunsgsten in EMIBF4 Ionic Liquid
The imidazolium based ionic liquid: 1-ethyl-3methylimidizoliumtetrafluoroborate, (EMIBF4) was synthesized to be used as a
solvent for the electrochemical investigation of molybdenum and tungsten. The
electrochemical window is about 4.2V after removing traces of impurities such as
Cl- and H2O. Electronic spectra of metal clusters [Mo3O2(O2CCH3)6(H2O)3]+2 ;
[W3O2(O2CCH3)6(H2O)3]+2 ; [MoW2O2(O2CCH3)6(H2O)3]+2 and
[Mo2WO2(O2CCH3)6(H2O)3]+2 in EMIBF4 are identical to the spectra of the same
clusters obtained in water. Cyclic voltammogram (CV) of Mo and W clusters
obtained in EMIBF4 are clearly dependant on the potential of working electrode.
For example the CV of [Mo3O2(O2CCH3)6(H2O)3]+2 metal clusters on glassy
carbon electrodes displays a reduction peak at ≈ +1.0V and a reversible oxidation
peak at ≈ 1.8 – 2.0V and a reoxidation peak upon reversal of potential
characteristic of deposition of metals on the Pt electrode. In this research we
propose that during electrolysis, the clusters will be disintegrated during oxidation
and the metal will be deposited onto the platinum electrode by reduction
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INTRODUCTION

Molten Salts
Solid inorganic salts that become liquid when heated above their melting points
are referred to as molten salts, also called “fused salts.” 1 For example, NaCl becomes
molten at above 800º C (1474º F), at which temperature it can be used as a solvent in
electrochemistry. Commonly, molten salts are used as solvents for electrolytic production
of a variety of metals. The use of molten salts in electrochemistry is favorable due to their
ability to attain stability at extremely high temperatures, their excellent ionic,conductivity
and heat transfer properties as well as their very low vapor pressure. In addition, molten
salts are electrochemically stable, posses a low dielectric constant and are naturally nonaqueous2. Despite the many advantages when using molten salts there are some
disadvantages. Due to their very high melting temperature > 500º C, extreme safety
precautions must be taken when handling them. What’s more, they are corrosive and
hydroscopic and may be hard to characterize.

Ionic Liquids
In 1960’s researchers came up with molten salts that were liquid at room
temperature and had a melting point below 100°C3. They called these liquids, room
temperature molten salts, low temperature molten salts, ambient temperature molten salts,
ionic fluids, liquid organic salts and most commonly, “ionic liquids”. Ionic liquids are
salts that are liquid at ambient temperatures which contain inorganic anions and organic
cations4. Ionic liquids feature strong ion-ion interactions not often found in molten salts5.

1

This strong interaction allows for many distinctive physical properties exhibited by ionic
liquids such as thermal stability up to 450 ºC, large electrochemical windows, a
difference of greater than 3.5 volts between the anodic and cathodic decomposition
potential, do not react with air and water, are stable at room temperature, and as
mentioned earlier, they have a low melting point. Other properties allow for their
beneficial use as solvents in a wide range of chemical applications in that they are highly
conductive, non-corrosive, non-toxic by nature, non-volatile with negligible vapor
pressure due to the ionic character of the liquids5.
In addition, ionic liquids compared to other organic solvents have a, higher ionic
conductivity in the liquid state over a wide temperature range, higher storage density,
capability of being recycled or reused and are non-oxidizing, non-flammable, and
colorless.6,7. These liquids also have other benefits including, optimization of compound
characteristics through tailor made solvents, reaction rate enhancement with higher
selectivity and yields, and can be more cost efficient8. Ionic liquids can be used in various
applications such as batteries, photoelectrochemical cells, organic synthesis, and metal
electrodeposition9.
The properties of ionic liquids can be varied by changing the alkyl chain length.
Likewise, varying the anion such as, CF3CO2-, CF3SO4-, BF4- and PF6-, produces a
diverse array of ionic liquids. These anions are water and air insensitive and possess high
thermal stability. The selection of the best ionic liquid for application is dependant on the
choice of anion used in the synthesis of the liquid and is vital for desired results.
At the present time ionic liquids are being used as solvents for electro and
organic synthesis. They are environmentally friendly replacements for volatile organic

2

compounds (VOC’s) in chemical processes therefore they have emerged as a promising
alternative to volatile organic solvents. As a result, because of their favorable properties
they have been referred to as “green solvents” in organic and organometallic chemistry2.
Their rather rapid emergence as alternative solvents has involved a growing number of
applications but the understanding and study of their physical properties is still behind the
times.
In 1914 Walden discovered the first ionic liquid the [EtNH3+][NO3-] (melting
point 12°C)1. Since then the study and synthesis of these liquids has become more
extensive. The synthesis of ionic liquids involves reaction of a small inorganic anion,
which determines the chemical properties of the salt and with a bulky organic cation,
which accounts for the low melting point3. Alkylsulfonium(a), alkylphosphonium(b),
alkylammonium(c), N,N-alkylimidazolium(d), and N-alkylpyridinium(e)3 are five
commonly used cations in the synthesis of ionic liquids.

Figure 1. Commonly used cations in the synthesis of ionic liquids
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One of the most common ionic liquids used today contains the 1,3-dialkylimidazolium
cation10,11

Figure 2. N, N-dialkylimidazolium cation

1,3-dialkylimidazolium melts are made up of dialkylimidazolium halides. The R is
usually a methyl group and the R’ is variable.
Cationic portion may contain:
R’ =

Methyl

MMImCl

C5H9N2Cl

Ethyl

EMImCl

C6H11N2Cl

Propyl

PMImCl

C7H13N2Cl

Isopropyl

iPMImCl

C7H13N2Cl

Anionic portion may contain:
Hexafluorophosphates

PF6-

Tetrafluoroborate

BF4-

Aluminate Halide

AlX4- when X is [Cl, Br, or I]

Bis((pentfluoroethane)sulfonyl)imide BETI*anions are listed in order of increasing water solubility
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A substitution of anion, cation or alkyl chain length can influence the composition
and characteristics of an ionic liquid. First, hydrogen bonding takes place between the
anion and the imidazolium ring and influences ion packing which in turn affects the
viscocity and melting point of the ionic liquid12. Secondly, the presence of a long alkyl
chain at the N(1) position can hinder the crystallization process. And finally the choice of
cation is important because the coulombic attraction between the anion and the cation of
the ionic liquid is the driving force of the reaction.
About 15 years ago a group from the US Air Force academy synthesized an ionic
liquid containing N-ethyl-N-methyl imidazolium cations and tetrafluoroborate anions
(EMIBF4)2.

Ethyl Methylimidazolium cation

Tetrafluoroborate anion

Conductivity of Ionic Liquids
Conductivity is the measure of electricity in the presence of ions. It is important
because it determines the operating temperature range for ionic liquids. The theory of
conductivity according to Hittorf states that ions transport electricity through a solution.
Chain length of the alkyl group in an ionic liquid significantly influences the conductivity
of that ionic liquid. In previous literature13 the conductivities of ionic liquids with
different chain lengths (EMIBF4, PMIBF4, BMIBF4) were compared. It was determined

5

that the shorter the chain length the better the conductivity of the ionic liquid. Therefore
EMIBF4 was the most conductive. It was also determined that the use of BF4- as the anion
optimizes the properties necessary for the use of ionic liquid in electrochemical
investigations.

Metal Clusters
A group of two or more metal atoms bonded together by significant and direct
metal to metal bond are classified as metal clusters.14 The research of Cotton14, Chini15,
Lewis16 and Pauling17 initiated the study of metal clusters over 50 years ago. [Mo6Cl8]4+
cation containing, a Mo6 octahedral cluster where each triangular Mo3 face is capped by a
chloride ion, was among the first metal cluster compounds synthesized and characteristic.
Metal clusters are of interest due to their ability to act as a catalyst and as
superconductors. Although there were not many compounds with metal to metal bonds
then, today there have been numerous metal cluster compounds specifically transitional
metal compounds that have been synthesized and characterized by X-ray crystallography
and spectroscopy.
Metal clusters are typically called transition metal cluster compounds and can be
classified as either early transitional metal clusters or late transitional metal clusters. Late
transition metals, also called electron rich transition metal clusters, are formed by metals
such as, ruthenium, rhodium, and iridium in their low oxidation states. They also contain
carbonyl, nitrosyl, cyano, isocyanide, phosphine or hydido ligands with carbonyl ligands
being the most common. These clusters contain π- acceptor ligands which due to their
metal to ligand back-bonding, they draw electrons from the metals. We will focus on

6

early transition metals also referred to as electron poor transition metal clusters or lower
halides. These metals contribute excess electrons to the core metal due to contributions
from their π - donor ligands, such as sulfur, oxygen, chlorine, bromine, iodine, and
alkoxy molecules. The second and third transition metals specifically tungsten,
molybdenum, tantalum and niobium have a formal oxidation state of +2 and +3. To
maximize the metal-metal bonding effects, it is necessary to have high oxidation states to
stabilize the metal cluster. Additionally, early transition metals strongly prefer to have a
triangular and octahedral geometry. Figure 3 shows three examples of these geometries
(1) triangular [M3X9L3] type e.g., [Re3Cl12]3- and (2) octahedral metal skeleton [M6X8L6]
type e.g., [Mo6Cl8L6]4+ or (3) [M6X12L6] type e.g.,[Nb6Cl12L6]2+ (the chloro ligands
bridge the 12 edges of the octahedron, L represents a suitable donor ligand)

Figure 3. Octahedral and triangular geometries of Early Transition Metal clusters
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Due to the half filled d and s valence orbitals of the transitional metal clusters the
maximum binding energies occur at the center of the transition series. The electronic
configuration of the metal is attempted to be modified by the ligands that surround the
metal core while also achieving their maximum binding energy.
There are two classes of metal clusters; I. polynuclear carbonyls, nitrosyls, and related
compounds; and II. halide and oxide complexes. Metal atoms in the first class have low
formal oxidation states, -1 to +1, while those in the second class are found in higher
oxidation states, +2 to +3. Class I clusters are typically made up of late transitional
metals, while class II clusters tend to consist of early transitional metals18.
Structures of transition metal clusters
There are several structural types of metal clusters, binuclear, trinuclear,
tetranuclear , and hexanuclear (octahedral).

Binuclear Metal Clusters
Multiply bonded M-M dimmers with bond orders up to 4 are the most common
binuclear metal cluster compound. Re2X82- ions ( X = Cl-, Br- ) and binuclear
carboxylates M2( O2CR)4, (M = Cr, Mo, W, Re, or Ru ) . An example of a Re2Cl82- is
shown in figure 4

8

Figure 4. the structure of the Octachloridirhenate (III) ion
The Re2X82- anion has two unusual features; the first one is the extremely short
distance between the Re atoms of 2.24 angstroms, compared to 2.75 angstroms in the
rhenium metal and 2.48 angstroms in Re3Cl9. The second is the existence of the eclipsed
configuration of the chlorine atoms in Re2Cl82-. The presence of the ∂ bond between Re
atoms is proven by the eclipsed configuration of the chlorine atoms.

Tetranuclear Metal Clusters
Tetranuclear metal clusters are not very common. The dimerazation of quadruply
bonded binuclear compounds will give a tetrameric structure. However there are few
examples of a tetrahedral structure metal cluster found among carbonyl clusters and even
fewer among the halides and oxides19.

9

Figure 5. Quadruply bonded binuclear compound as a result of dimerization.

Hexanuclear Metal Clusters
Hexanuclear metal clusters contain six metal atoms. Hexanuclear clusters
containing molybdenum, niobium, or tantalum atoms were some of the earliest clusters
synthesized. These clusters can be produced by forming single bonds to several other
metal atoms or can form multiple bonds to another metal atom. This is primarily due to
the low oxidation state of the metal. It interesting that Mo adopts both methods and they
both have a cubic arrangement of Cl- ions. There are two types of hexanuclear clusters; in
one type the six Mo atoms form an octahedral cluster. Eight chloride ligands bridge three
of the six metal atoms and are positioned above the triangular faces of the octahedron. In
the other type also contain an octahedron of metal atoms, however there are twelve halide
ligands along the edges of the cluster.

10

[Mo6Cl8]4+

[M6X12]2+ where X= Cl, Br

Figure 6. Examples of hexanuclear structure types.

Trinuclear Metal Clusters
The best known example of noncarbonyl clusters containing three metal atoms
are the rhenium trihalides [(ReCl3)3] and their derivatives. Each rhenium atom is bonded
directly to the other by metal to metal bonds and indirectly by a bridging halogen ligand.
Additionally each rhenium atom in the triangular array is coordinated by two or more
halide ligands above and below the plane defined by the three rhenium atoms (a)17. A
polymeric structure is formed when the rhenium atoms of one diamagnetic Re3Cl8 cluster
are bridged by halide ions with adjacent Re3Cl8 clusters17. A dodecahalotrirhenate(III) ion
Re3X123- is produced by dissolving Re3Cl8 in hydrohalic acid solutions (c)17.
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Figure 7. Structures of Trinuclear Rhenium Clusters, Re3X9 (a), Polymeric
structureRe3Xy (b), and Re3Cl123- ion
Trinuclear metal clusters with bond orders of 2/3 to 1 are often formed by early
transition metals in their low oxidation state such as molybdenum, tungsten, niobium, and
titanium. They contain a triangular M3 unit. The basic structures of this type of clusters
are known as; (M3X6 type), with out μ3-ligands(a); (M3X13 type), with one μ3-ligand; and
(M3X17 type), with two μ3-ligand.
M3X6 structure (a), without a ligand, is given by the cluster [M3X6 (C6Me6)3]n+ where
M = Nb, Ti, Ta and X = Cl, or Br. The three metal atoms are bonded directly to each
other and surrounded by four chloride ligands in the square planar formation and as three
C6Me6 molecules coordinate on the axial plane. M3X13 structure (b), with one ligand, is
given by the formula [M3( μ3-X)( μ-Y)3L9)] where M = Ti, Nb, Mo, and W. X= μ3
capping ligands which can be Cl-, Br-, I-, O2-, OCH2CMe3-, and S2-. Y = μ2 bridging
ligands can be Cl-, Br-, I-, O2, S2-. The terminal ligands L can be H20, OEt-, O2CCME3,
CN- and the halide ions. M3X17 structure(c) with two ligands is given by formula [M3(
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μ3-X)2( μ-O2Y)6L3)]. Mo and W are the metals and X can be O2- or OEt-. Bridging
bidentate ligands O2Y can be MeCO2, EtCO2, tBuCO2 and monodentate ligands L can be
tBuCO2, MeCO2 and H20.

Figure 8. Structure type (a) [M3X6(C6Me6)3]n+ (with no μ3- ligands)

Figure 9. Structure type (b) [M3( μ3-X)( μ-Y)3L9)] (with one μ3- ligand)
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Figure 10. structure type (c) [M3( μ3-X)2( μ-O2Y)6L3)] (with two μ3-ligands)

Mo and W clusters usually belong to the [M3( μ3-X)2( μ-O2Y)6L3] structural type.
Cotton13 has for the calculated of the energy level diagram for this structural type. The
symmetry of the trigonal bi- pyramid M core is D3h. In order to calculate both the relative
orbital bonding energies and the atomic orbital population of 4d valence molecular
orbitals in the [M3]12+ unit, it is necessary to separate the metal – metal bonds from the
metal-ligand bonds.

Catalysis by metal cluster compounds
As in metals each metal is bonded directly to an adjacent metal through a metal to
metal bond, yet the metal to metal bonds formed in metal clusters can be much shorter
than that formed in metals and they should display the properties of the atoms on the face
of the cluster. Therefore metal clusters have been looked at as potentially useful catalyst.
Metal clusters have proven to be more useful than metals due to the ability to change

14

their properties by altering the controlling factors such as cluster configuration, choice of
ligands, formal oxidation state and integrating into the cluster various metals.
Furthermore, it is probable to believe that metal clusters are also useful as homogenous
catalyst because of their favorable solubility in most common solvents.
Compared to mononuclear compounds, metal clusters are more advantageous
because of their ability to catalyze the multielectron process and to bind small molecules
by way of multiple metal ligand bonds. As a result metal clusters are thought to be
excellent catalyst for the reduction of small molecules.

Electrochemical Method
Electrochemical methods are analytical techniques where the electrical properties
of the analyte in an electrochemical cell is the based upon. There are three types of
Electrochemical methods; Potentiometry where the potential of the cell is measured as a
function of the analyte, Coulometry, where the amount of electrical charge is measured
during electrolysis and the method of choice Voltammetry, where the correlation between
applied potential and current is measured.

Cyclic Voltammetry
Voltammetry refers to a measurement of current, resulting from application of a
potential. This technique utilizes a three-electrode ( Figure 11) cell containing: reference
electrode, working electrode and auxillary electrode. Cyclic voltammetry (CV) is a
simple and versatile electrochemical technique used to study the redox states of
molecules. In the present research, cyclic voltammerty was the primary technique.
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Figure 11. Schematic diagram of three-electrode cell
Cyclic voltammetry is the most widely used technique for acquiring qualitative
information about electrochemical reactions. The power of cyclic voltammetry results
from its ability to rapidly provide considerable information on the standard reaction
potential of redox processes and the kinetics of heterogeneous electron-transfer reactions,
and on coupled chemical reactions or electron transfer step. Cyclic voltammetry is often
the first experiment performed in an electroanalytical study. In particular, it offers a
rapid location of redox potentials of the electroactive species, and convenient evaluation
of the effect of media upon the redox process.
Cyclic voltammetry is an extremely powerful and popular electrochemical
technique that is used to characterize the oxidation-reduction properties of compounds
and to examine the mechanisms of redox reactions. The CV experiment involves linearly
changing the potential of the working electrode comparative to a reference electrode and
measuring the resulting current. The potential changes linearly from an initial value to
some arbitrary final value, and is then reversed back to the initial value, which completes
the cycle. The forward scan is called a reduction sweep when the initial potential is more
positive than the final potential and the reverse cycle is called an oxidation sweep. Figure
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12 is an example of a typical cyclic voltammogram showing how to measure anodic and
cathodic peak currents. The forward sweep shows the current due to reduction and the
reverse sweep shows the current due to re-oxidation of the product formed in the
reduction sweep. This technique provides even more information about the properties and
characteristics of the electrochemical process and also gives insight into any complicating
side processes such as pre and post electron transfer reactions as well as kinetic
considerations13.

Figure 12. A typical Cyclic Volatammogram displaying the reduction of Fe (III) and the
oxidation of Fe(II)
From (b-d) the cathodic current increases followed by the decay of the current (df). From (i-j) the anodic current increases followed by the decaying of the current (j-k).
A cyclic voltammogram experiment has four measurable quantities. The cathodic
peak current Ipc, the anodic peak current Ipa, the cathodic peak potential Epc, and the
anodic peak potential Epa. These parameters can be used to calculate the standard
reduction potential E°, the number of electrons transferred in the electrochemical reaction
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(n), and the heterogeneous rate constants of chemical steps that immediately follow the
initial electron transfer.

E1/2 = Epc + 1.11 RT/nF

(1)

E1/2 = 85% Ep

(2)

The peak current is given by the Randle-Sevcik equation for the forward sweep of
the first cycle.

ip = (2.69 x 105) n3/2 AD1/2 Cbv1/2
Where as; n = the number of transferred electrons
A = the area of the working electrode (cm2)
D = diffusion constant (cm2/s)
C = bulk concentration of analyte (m/cm3)
(v) = potential scan rate (v/s)

The formal reduction potential E°, for the reversible process is centered between Epa, and
Epc

E°= Epa + Epc
2
ΔEp = Epa- EpC = 0.059/n
For a reversible system the estimated peak separation for one electron would be 0.0592V.
The peak potential of the reduction process is shifted more toward negative potentials for
irreversible systems by about 0.030V. A slow electron exchange during the redox
reaction causes irreversibility. In a cyclic voltammogram for an irreversible system a
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current on the reverse sweep is not shown. A quasi reversible system occurs when the
magnitude of the electron exchange rate is similar to that of the CV experiment. The peak
potential separation ΔEp is greater than 59.2 mv and increases with increasing scan rate
for a quasi-reversible system. Calculating the heterogeneous rate constant for the electron
transfer step is possible from the variation of ΔEp with the scan rate13.

Figure 13. Reverse scan (A) Quasi-reversible scan (B)

In a reversible system in the absence of a following chemical reaction, the peak
current ratio, ipc/ ipa , for the cathodic process relative to the peak current for the anodic
process is equal to one and independent of the scan rate. This ratio provides another
measure of reversibility of the reaction. In a system where the electron step is followed
by a chemical reaction the ratio, ipc/ ipa , is less than one and decreases at lower scan rates.
The rate of the chemical reaction following the initial electron transfer step can be
calculated from this ratio13.
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Electrochemical Study of Transition Metal Complexes in Ionic Liquids
Room Temperature ionic liquids are suitable solvents for the
electrochemical investigations of transition metal complexes. The non-coordinating
nature of the ionic liquids affords the seclusion of the transition metal species. In
addition, being able to lower the water concentration of the solvent to less than 50 ppm
affords the investigation of moisture sensitive complexes. Pure EMIBF4 typically has a
potential window of greater than 4.2V. An example of a cyclic voltammagram of
electrochemically pure EMIBF4 is given in Figure 14. As result, using ionic liquids as a
solvent for electrochemical investigation of transition metal complexes has been of great
interest. 20

Figure14 Cyclic Voltammogram of pure EMIBF4

The use of EMIBF4 as a solvent for transition metal complexes in order to
investigate their electrochemical behavior is valuable due to its high conductivity,
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polarity and low water concentrations. Therefore a number of low solubility and highly
water reactive transition metals can be studied in solution.18
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II. EXPERIMENTAL

Materials
1-Methylimidazole 99% was purchased from Aldrich Chemical Company Inc.
The 1-Methylimidazole was purified by distillation at 100 degrees Celsius under vacuo (
300 mmHg). Ethyl Chloride 99.7%, Sodium Tetrafluoroborate 98% were purchased
from Aldrich Chemical Company Inc. The solvents were ACS reagent grade or certified
and were used as received. Acetonitrile 99.9 % was purchased from Alfa Aesar and used
as received. Ethyl ether, anhydrous was purchased from Fischer Chemicals.
Dichloromethane 99% was purchased from EM Science, ACS grade, and was used as
received.

Instrumentation
The amount of water in the ionic liquid was determined using a Denver
Instrument Coulometric Karl Fisher Titrator that is interfaced with a Model 260 titrator
controller. About 30 microliters of liquid was injected into the titrator using a stainless
steel needle and a glass syringe. The syringe was washed in ethanol and dried in a oven
set at approximately 60 to 80 degrees Celsius between use.
Cyclic Voltammetry experiments were performed using an EG+G Princeton applied
Research (PAR) 173 Potentiostat/Galvanostat System with a PAR 175 Universal
programmer interfaced with a Houston Omni graph XY recorder or Maclab 4 anolog to
digital converter. The cyclic voltammograms were obtained using a glassy carbon or
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platinum disk working electrode, an Ag/AgCl reference electrode, and a platinum
auxillary electrode were used. The glassy carbon and the platinum disc electrodes (1mm2)
were obtained from Cypress Systems Inc. The cell volume ranged from 0.5mm to 1ml.
The electrochemicalcell is shown in Figure 15.

Figure 15 Miniature Cyclic Voltammetry Cell
Absorption spectra were obtained by Ocean Optics Spectra Suite USB 2000 spectrometer
interfaced with Apple computers, using an Ocean Optics LS-1 tungsten halogen lamp.

Preparation of Ethyl Methylimidazolium Chloride
Following a modified literature method 1-Ethyl-3-Methylimidazolium Chloride ( EMICl)
was prepared from 1-methylimidazole and ethyl chloride. An ACE glass reinforced
pressure flask was placed inside of a nitrogen filled I2R glove bag into a liquid
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nitrogen/ethanol bath, 77 grams of gaseous ethyl chloride was condensed by cooling to
approximately -40 degrees Celsius. 49.3 grams of 1-Methylimidazole was added to the
flask. The flask was closed and removed from the glove bag and was placed in an oil
bath maintained at a constant temperature of 40 degrees Celsius. This mixture was heated
and stirred for 7 to 10 days. The progress of the reaction was monitored by observing the
amount of immiscible layer of EMICl formed at the bottom of the flask. The reaction
container was immediately placed in the freezer where the bottom layer crystallized over
24 hours and formed a white snow like crystals. The solvent was decanted and the solid
EMICl was dissolved in acetonitrile. EMICl was precipitated from acetonitrile using
ethyl ether. After cooling in the refrigerator overnight large flaky white crystals were
formed. The mixture was filtered under nitrogen using a Schlenk filter and dried under
vacuum.

Preparation of 1-Ethyl-3-Methylimidazolium Tetrafluoroborate
1-ethyl-3-Methylimidazolium Tetrafluoroborate (EMIBF4) was synthesized from 1Ethyl-3-Methylimidazolium Chloride by metathesis with sodium tetrafluoroborate
(NaBF4). Inside the glove bag, about 94.3 grams of EMICl was mixed with72 grams of
NaBF4 and transferred into a flask. It was then dissolved in acetone. The flask was sealed
and removed from the glove bag and stirred in the fume hood for 48 hrs. The thick cloudy
precipitate of NaCl was filtered from the solution. The solution was washed several times
with 10 ml of dichloromethane in a separatory funnel. The solvent was removed with the
use of a rotary evaporator, producing a light yellow liquid identified as EMIBF4.
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The trinuclear metal clusters [Mo3O2(O2CCH3)6 (H20)3 (CF3SO3)2]; [Mo2WO2(O2CCH3)6
(H20)3 (CF3SO3)2]; [ MoW2O2(O2CCH3)6 (H20)3 (CF3SO3)2] and [W3O2(O2CCH3)6 (H20)3
(CF3SO3)2] were synthesized and identified previously13.

25

III. RESULTS AND DISCUSSION

In this work we have investigated the electrochemical properties of several
Molybdenum and Tungsten trinuclear clusters of the type[ M3O2(O2CCH3)6(H2O)3 ] 2+
where M = Mo and W, and mixed metal trinuclear clusters [Mo2WO2(OAc)6(H2O)3]2+
and [MoW2O2(OAc)6(H2O)3]2+.

Figure16 Trinuclear metal cluster where M = Mo and W

The triangular unit is composed of three metal atoms (M = Mo and W), with two oxygen
atoms above and below the plane. Each side of the triangular unit is bridged by two
acetate ligands and the coordination sites in the equatorial planes are occupied by water
molecules. Because the formal oxidation state of the metals in the triangular unit is + 4,
each metal atom contributes two electrons to form three metal to metal single bonds.
The metal to metal bond is a result of the overlapping 4dz2 and 4dxy atomic orbitals.
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A MO diagram of [Mo3O2]8+ with two capping ligands on the triangular core is shown in
Figure 18. The Mulliken percent characters and relative energies of the [Mo3]12+ is given
in Table 1.

Figure 17 Overlap of 4dz2 and 4dxy molybdenum orbitals
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Table 1 Relative Orbital Energy and Atomic Orbital Population for 4d Valence Molecular
of [Mo3]12+

Figure 18 Molecular Orbital Diagram for [Mo3O2]8+

28

[W3O2(OAc)6(H2O)3]2+ cluster was previously synthesized by controlled
oxidation of W(CO)6 in acetic acid, followed by separation on an ion exchange column
and extraction with CF3COOH giving crystals of [W3O2(OAc)6 (H2O)3 (CF3COO)2]18.

Figure 19. Trinuclear metal cluster [W3O2(OAc)6 (H2O)3]2+

The analogous molybdenum cluster [Mo3O2(OAc)6(H2O)3]2+ was prepared by reacting
Mo2(OAc)4 dimer with MoO42- (Na2MoO2 • 2H2O) in acetic acid21.
CF3COOH

Mo2(OAc) 4 + Na2MoO4

→

Mo3O2(OAc)6(H2O)3 (CF3COO)2
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Figure 20. Trinuclear Metal Cluster [Mo3O2(OAc)6(H2O)3]2+
The mixed metal clusters [Mo2WO2(OAc)6(H2O)3]2+ and [MoW2O2(OAc)6(H2O)3]2+ were
prepared by similar reactions using MoW(OAc)4 instead of Mo2(OAc)4.
Reaction of MoW(OAc)4 dimer with WO42- gives [MoW2O2(OAc)6(H2O)3]2+ cluster
CF3COOH

MoW(OAc)4 + Na2WO4

→

MoW2O2(OAc)6(H2O)3 (CF3COO)2

while the reaction with MoO42- produces [Mo2WO2(OAc)6(H2O)3]2+ cluster
CF3COOH

MoW(OAc)4 + Na2MoO4 →

Mo2WO2(OAc)6(H2O)3( CF3COO)2

Figure 21. Structures of mixed metal trinuclear clusters
[Mo2WO2(OAc)6(H2O)3]2+ and [MoW2O2(OAc)6(H2O)3]2+
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Synthesis and electrochemistry of EMIBF4 ionic liquid
EMIBF4 ionic liquid used for electrochemical measurements was synthesized in
two steps. The first step of the synthesis of EMIBF4 involves the preparation of 1-ethyl-3methylimidazolium chloride from n-methylimidazole by an ethylation reaction with ethyl
chloride as given by the reaction:

In the second step, the synthesis of EMIBF4 involves the replacement of the Cl- anion
with BF4- anion by a metathesis reaction with sodium tetrafluoroborate (NaBF4)

The traces of excess Cl- were removed by potentiometric titration with AgBF4. The water
was removed by drying EMIBF4 vacuum at approximately 40ºC for several days. After
drying the amount of water was determined by Karl-Fisher coulometric titration19. The
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presence of Cl- could be detected by cyclic voltammetry. A cyclic voltammogram of
EMIBF4 ionic liquid obtained after removal of Cl- is shown in figure 22.

Figure 22 Cyclic Voltammogram of pure EMIBF4 ionic liquid
For comparison, a cyclic voltammogram of EMIBF4 containing 100 ppm of Clbefore and after the removal of Cl- given by Figure 23.

Figure 23 Comparison of Cyclic Voltammagrams of (A) Ionic liquid EMIBF4 containing
100 ppm Cl- ion and (B) of EMIBF4 in the absence of Cl-
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A potential window of 4.2V is obtained in of pure EMIBF4. The absence of an
irreversible oxidation peak at -1.0 V, due to the oxidation of Cl- ( Cl- - e- → ½ Cl2 ),
confirms the absence of Cl- impurity in the ionic liquid.
An infrared spectrum of purified EMIBF4 containing approximately 200 ppm of
H2O is shown in figure 24.

Figure 24 IR of Purified EMIBF4 containing about 200 ppm H2O

Electrochemistry of Trinuclear Metal Clusters
For the electrochemical measurement, the trinuclear clusters were dissolved in
EMIBF4 ionic liquid by heating the mixture in a closed vial at 60º C for several days. The
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electronic spectra of the cluster dissolved in EMIBF4 were compared to the electronic
spectra of the cluster in H2O.
It is clearly seen from Figures 25 – 31 that the visible spectra of the trinuclear
clusters obtained in EMIBF4 are identical to the spectra obtained in water which proves
that the same cluster species are obtained when dissolved in ionic liquid as they are when
dissolved in water.

Figure 25. Electronic Absorption Spectra of Mo3O2(OAc)6(H2O)3(CF3COO)2 dissolved in
H20
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Figure 26. Electronic Absorption spectra of Mo3O2(OAc)6(H2O)3(CF3COO)2 dissolved in
EMIBF4

Figure 27. Comparison of Electronic Absorption spectra of
Mo3O2(OAc)6(H2O)3(CF3COO)2 in EMIBF4 dissolved: in H20 (blue) and in EMIBF4
(red)
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Figure 28. Electronic Absorption spectra of W3O2(OAc)6(H2O)3(CF3COO)2 in H20

Figure 29. Electronic Absorption spectra of W3O2(OAc)6(H2O)3(CF3COO)2 in EMIBF4
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Figure 30. Comparison of Electronic Absorption spectra of
W3O2(OAc)6(H2O)3(CF3COO)2 dissolved: in EMIBF4 (black), in H2O(yellow)

Figure 31. Electronic Absorption spectra of Mo2WO2(OAc)6(H2O)3(CF3COO)2 dissolved
in H2O
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Figure 32. Electronic Absorption spectra of Mo2WO2(OAc)6(H2O)3(CF3COO)2 dissolved
in EMIBF4

Figure 33. Electronic Absorption spectra of Mo2WO2(OAc)6(H2O)3(CF3COO)2 dissolved:
in H20 (blue) and in EMIBF4 (red)
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Figure 34. Electronic Absorption spectra of MoW2O2(OAc)6(H2O)3(CF3COO)2 dissolved
in H2O

Figure 35. Electronic Absorption spectra of MoW2O2(OAc)6(H2O)3(CF3COO)2 in
EMIBF4
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Figure 36. Electronic Absorption spectra of MoW2O2(OAc)6(H2O)3(CF3COO)2
dissolved: in H2O (blue) and in EMIBF4 (red)

Figure 37. Electronic Absorption spectra of Mo3O2(OAc)6(H2O)3(CF3COO)2 (black),
W3O2(OAc)6(H2O)3(CF3COO)2 ( pink), MoW2O2(OAc)6(H2O)3(CF3COO)2 (blue),
Mo2WO2(OAc)6(H2O)3(CF3COO)2 (brown) in ionic liquid EMIBF4
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Figure 38. Electronic Absorption spectra of Mo2WO2(OAc)6(H2O)3(CF3COO)2 (black)
and MoW2O2(OAc)6(H2O)3(CF3COO)2 (yellow) in ionic liquid EMIBF4
Comparison of the electronic spectra of Mo3O2(OAc)6(H2O)3(CF3COO)2,
W3O2(OAc)6(H2O)3(CF3COO)2, MoW2O2(OAc)6(H2O)3(CF3COO)2 and
Mo2WO2(OAc)6(H2O)3(CF3COO)2 metal clusters dissolved in EMIBF4 are shown in
figure 37. It is clearly visible that each of the clusters has a maximum at different
wavelengths. In addition, the spectra confirms that the mixed metal clusters
Mo2WO2(OAc)6(H2O)3(CF3COO)2 and MoW2O2(OAc)6(H2O)3(CF3COO)2 are not
mixtures of Mo3O2(OAc)6(H2O)3(CF3COO)2 and W3O2(OAc)6(H2O)3(CF3COO)2
Similarily, comparison of the electronic spectra of the mixed metal clusters,
Figure 38, shows that the mixed metal clusters Mo2WO2(OAc)6(H2O)3(CF3COO)2 and
MoW2O2(OAc)6(H2O)3(CF3COO)2 each has a maximum at different wavelengths and are
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not mixtures of Mo3O2(OAc)6(H2O)3(CF3COO)2 and W3O2(OAc)6(H2O)3(CF3COO)2
clusters.
A cyclic Voltammagram of [Mo3O2(OAc)6(H2O)3]2+ in EMIBF4 ionic liquid using
a glassy carbon electrode is shown in Figure 39. For comparison the Figure 39 shows the
CV of [Mo3O2(OAc)6(H2O)3]2+ when the potential is reversed at the limit of the potential
window.

Figure 39. Cyclic Voltammogram of [Mo3 O2(OAc)6(H2O)3]2+ dissolved in ionic liquid
EMIBF4 on glassy carbon electrode
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Figure 40. Cyclic Voltammogram of [Mo3O2(OAc)6(H2O)3]2+ dissolved in EMIBF4 ionic
liquid (A) CV scan reversed after the reduction and oxidation peak at -1.8V (B) CV scan
reversed at the end of potential window.
The voltammogram displays a reduction peak indicating a one-electron reduction
process.
[Mo3O2(OAc)6(H2O)3]2+ + e- → [Mo3O2(OAc)6(H2O)3] +

However, on the reverse scan the voltammagram is missing the reoxidation peak of the
reduced species. This implies that the reduced species [Mo3O2(OAc)6(H2O)3]+ is unstable
and undergoes further chemistry. The electrochemical process involves an EC
mechanism
2+

-

E

+

[Mo3O2(OAc)6(H2O)3] + e → [Mo3O2(OAc)6(H2O)3]

C2

→ ?

On the initial oxidation scan the voltammagram displays a one-electron oxidation peak at
Epa = + 1.0V. The oxidation process is reversible because the voltammagram shows an
anodic reoxidation peak.
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[Mo3O2(OAc)6(H2O)3]2+ - e- → [Mo3O2(OAc)6(H2O)3]3+
←

The cyclic voltammagram of [W3O2(OAc)6(H2O)3]2+ in EMIBF4 using a glassy carbon
electrode is shown in Figure 40. The voltammogram displays an oxidation peak at about
1.2V and two reduction peaks at Epc -1.7 and -1.9V. All of the processes are missing
corresponding re-reduction and re-oxidation peaks indicating that the processes are
electrochemically irreversible.

Figure 41. Cyclic Voltammagram of W3O2(OAc)6(H2O)3(CF3COO)2 in EMIBF4 on
glassy carbon electrode; initial Negative scan
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Cyclic voltammagram of MoW2O2(OAc)6(H2O)3(CF3COOH)2 and
Mo2WO2(OAc)6(H2O)3(CF3COOH)2 clusters in EMIBF4 are shown in Figures 40-42.
On the initial positive sweep the voltammagram displays two oxidation peaks at +0.9 V
and + 1.1V. On the initial negative sweep a large reduction peak at – 0.9 V is observed.
All of these processes are electrochemically irreversible. The voltammogram of MoW2 is
different from that of Mo2WO2(OAc)6(H2O)3(CF3COOH)2 because
MoW2O2(OAc)6(H2O)3(CF3COOH)2 displays a large irreversible reduction peak at –
2.1V and a large irreversible oxidation peak at +1.1V.

Figure 42. Cyclic Voltammogram of [Mo2WO2(OAc)6(H2O)3(CF3COOH)2] in ionic
liquid EMIBF4 positive scan on glassy carbon electrode.
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μA

Figure 43. Cyclic Voltammogram of [Mo2WO2(OAc)6(H2O)3(CF3COOH)2] in
ionic liquid EMIBF4 initial negative scan on GC electrode
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μA

Figure 44. Cyclic Voltammogram of MoW2O2(OAc)6(H2O)3(CF3COOH)2 in EMIBF4 on
glassy carbon electrode
Electrochemistry on Platinum electrode
The cyclic voltammagram of Mo3, W3, Mo2W and MoW2 clusters obtained on the
platinum electrode are shown in Figures 45 - 49. The voltammogram shows very similar
features and are very different from the voltammograms obtained using a glassy carbon
electrode. The characteristic feature of voltammogram observed on platinum electrode is
a large reduction current obtained at large negative potential. On the reverse scan a large
reoxidation peak is obtained at ≈ 0.5V more positive potential. This is a characteristic
feature of the deposition of the metal on the platinum electrode followed by reoxidation
of elemental metal (Mo, W) at positive potential.
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Figure 45. Cyclic Voltammagram of Mo2WO2(OAc)6(H2O)3(CF3COO)2 dissolved in
EMIBF4 on the Platinum electrode

Figure 46. Cyclic Voltammagram of Mo3O2(OAc)6(H2O)3(CF3COO)2 dissolved in
EMIBF4on the Platinum electrode
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Figure 47. Cyclic Voltammagram of MoW2O2(OAc)6(H2O)3(CF3COOH)2] dissolved in
EMIBF4 on Platinum electrode

Figure 48. Cyclic Voltammagram of W3O2(OAc)6(H2O)3(CF3COOH)2 dissolved in
EMIBF4 on Platinum electrode
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A.

B.

C.

D.

Figure 49. Comparison of Cyclic Voltammograms of
(A) Mo3O2(OAc)6(H2O)3(CF3COOH)2, (B) W3O2(OAc)6(H2O)3(CF3COOH)2, (C)
Mo2WO2(OAc)6(H2O)3(CF3COOH)2, and (D) MoW2O2(OAc)6(H2O)3(CF3COOH)2 in
EMIBF4 ionic liquid on a platinum electrode
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This different electrochemical behavior on Pt electrode in comparison to the GC
electrode could be explained by specific electron transfer mechanism on Pt electrode.
We propose that dissociation of coordinated H20 molecule frees a coordination site on M
atom and therefore the metal is free to bond to the Pt electrode. This makes the transfer of
electrons from Pt electrode to M3 cluster much easier and eventually leads to deposition
of pure metal onto the Platinum electrode.

[M3O2(OAc)(H20)3]2+ + 12e- → 3 Mo

Figure 50. Possible bond formation between the M3 cluster and the platinum electrode

This is particularly interesting for mixed metal clusters Mo2W and MoW2. In that case the
proposed mechanism would lead to orderly deposition of Mo and W.
In order to prove the proposed mechanism it would be necessary to deposit metals
on Pt electrode and analyze the surface of the electrode for Mo and W atoms.
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